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(57) ABSTRACT

A silicon carbide substrate has a substrate surface. A gate
isulating film 1s provided to cover a part of the substrate
surface. A gate electrode covers a part of the gate insulating
film. A contact electrode 1s provided on the substrate surface,
adjacent to and 1n contact with the gate insulating film, and 1t
contains an alloy having Al atoms. Al atoms do not diffuse
from the contact electrode into a portion of the gate mnsulating
film lying between the substrate surface and the gate elec-
trode. Thus, 1n a case where a contact electrode having Al
atoms 1s employed, reliability of the gate insulating film of a
semiconductor device can be improved.

4 Claims, 6 Drawing Sheets

16 15 12B 16

VIIIIIII ““\‘ ““‘ 'IIIIIII

S . o

777777 77 777 s 7 aa— 20

11B



U.S. Patent Apr. 8, 2014 Sheet 1 of 6 US 8,691,679 B2

FIG.T

13A 1712B13A 15 21 /

7 ..
IS 1912
L LLLLLZ

LR 18

iiiiiiiiiiiiiiiiiiiiiiiiiiii

77777 777 7 T 7 S L 20

11B



U.S. Patent Apr. 8, 2014 Sheet 2 of 6 US 8,691,679 B2

FIG.2

SUBSTRATE PREPARATION STEP S10

n—TYPE LAYER FORMATION STEP S20

p BODY FORMATION STEP S30

nT REGION FORMATION STEP S40

o REGION FORMATION STEP S50

ACTIVATION ANNEALING STEP S60

GATE INSULATING FILM FORMATION STEP S70

DRAIN ELECTRODE FORMATION STEP S80

OHMIC ELECTRODE FORMATION STEP S90

GATE ELECTRODE FORMATION STEP S100

SOURCE INTERCONNECTION FORMATION STEP S110

PASSIVATION FILM FORMATION STEP S120



U.S. Patent Apr. 8, 2014 Sheet 3 of 6 US 8,691,679 B2

FIG.3

FIG.4
SB.
12B /
12
11A
12A 11
FIG.D
SB
14 12B 14 /
'I 8 --..._____ ....... z ................ : EE%Z.._._ ST e 'I 8
13— iz 13
12
12A 11




U.S. Patent Apr. 8, 2014 Sheet 4 of 6 US 8,691,679 B2

15A 12B

SB

e o)

WA A A AN RGN E NN NN _

11B 59
93

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T 5 1

91A
15 12B 91

TN EEE. F g P b A A
T T T T T T T T T T T T T T e T W T T T T T T T T T T

Y

A N N

1Y

SB

FIG.8

e -y re
T T Y W T T
el bt SN e ul S el el BRI L R LRI RS St St b el e e bl
I EEEEYT Y YTEN TS ST ST EEN
e e W W N M N NN I  E B R L L R .

et 1 o e e e e e 3 S e e e e e e e el
isEEgsTTaw i &k & 8 & & d & & &k &k & & & B & & & & & & & & A% & B & & d & 1A amm
RN ALY A A R E R R NI E E R A E R I EEEE R N E EENEEEEREYN ERMEEREERERKE R N LR TR

SB

wf

VSIS SIS IS SIS IS S = 20




U.S. Patent Apr. 8, 2014 Sheet 5 of 6 US 8.691.679 B2

16 15 12B 16

11A

S i )

11B




US 8,691,679 B2

Sheet 6 of 6

Apr. 8, 2014

FIG.10

U.S. Patent

FEFFEFFEFEEF+ +4+ ++ ++ ++ ++ ++ ++ ++ ++ ++ ++++ ++ ++4+4+4+-+ + -+ =+ F + F+F+ P+ttt A b A b b bbb bbb A AL FA+ AR+ = o O = - - - - K I F ] a
FEF FF FF I F A+ 4+ 4% -4+ =% -4 =% F % F 4+ F+F++ ++ ++ + 4+ + 4+ ++ 44+ +F 4+ 4+ F 4+ + 4+ +F ++ F+ ++ +F ++ + 4+ + 4+ 4+ 4+ 4+ 4+ -F -+ - %=+ FFF+FFF++ b+ ++ ++ +FF FFFA A+ FE FF +FF - - r - ¥ f i Ll ) A s e L]
11111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111 o K, e A g T it Bk et b =y -
FEF B R FEFEA+ A+ A+ A4 - % -4 - %=+ FFF+FFE+Fd ot bt b F bt bt A A b A bt A bt F b b b bt b A+ A A F A - F -+ - F -+ FFF+FFF++ b+ b+ A b+ A+ A+ FEFEFREF ; - " L ] N - - " )
L N N RN N N N N I N EIEE I N N N N N N N N R N N N N S D DT D O O D Dl BrRl Rl i o - I ) i R N e m e, o
FFEF FF 43 4 4+ 4 4+ 4+ 4% -+ =+ -4+ =+ F % F+F+F++ 3+ ++ +F 4+ ++ 4 FF b A b A bt F b bt bt A+ A+ A - F -+ - F -+ FFF+FF bttt P+ FFEFFEFEF ) . . L L ) ) - A w  F DL
1111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111 . r . ol A ' e m e -
L R R N I N I N I N e N N N N N N N N I N N N N N N I N N I o I N N N N I N O I ok I R O B R A e - . .llll-.l-_-. o -ma A F
L N I Tk ko N o e I D e + -+ =+ F+ F+F+ P+ttt A bt A b b b bbb b b A A+ A F b -k o ' C . L 4+ am - r o d L4 o omda L]
L N N R B A R A AR A AR R AT + F 4 F ¥ F_ + + + + LN A A A + 4+ + + 4 + + + 4+ 4+ 4+ A+ - F -+ - F -+ F ¥ F + FFF A+ A bt b+ A A+ FFFFEFEF | . - . LK N | r L . o __..l F
1111111111111111111111111111111111111111111111111111111111111111111111111111111111 - r . - - A . -l I e -
L N N I N e + + + + + F + F + F + + + + IR T EEE + ++ + 4 + + + + 4+ 4+ 4+ 1+ + + + + F 4+ b+ F 4+ P+t b+ bt b+t FEFEE r LI - u ] 4 A [ ol - il ",
—_++++++++++++._+++._+++._.-+ 4 - > - - ko B P - - + L PR LINE N N + + LIE L NN DI N ) + + + ++—_+++—_.........—_+++—_++++++++++++++++++..+++._+++._+++..+++.+++.+++|+ + T L] l;_ lI llll l-.ll ) * ! a -.-....1 [ ] o
- . . .. -
+ 4+ ++ +F ++ AR - b F + + EE S e N L0 S i B B B R S - -, L 4o w u ] . r - 1
++ ++F +F 1 F 4 a FIE I LIE L ) + + A A - rr CIE I N R R A N N A N N N A N I N I I T . - .- . L ' COEEL RO . ]
+ 4+ ++ +F +++ . ] R I L I e | i . - . - .-t..l LR ' b 4
P ", ittt T B B R e - - . V- . . . e bt r '
| ,or A I ENENEEN TN ~ . L
TSP R 4 o ! - ! " .
PN S AT T - L r -
LI L EIE N 1. . - o r [
++ ++ + 0 B+ -+ -+ - - . - . - T e . ®
sttt ety l..1+-+++.+++|+ *_ PR , .- et e . .
LR + + F+ ++F ; -
EIE I 3 L JERE S -
rrrrrrrrrrrr
++ + T | -+ -+ - -
EIEDE R | r TIEIE IR
EE B 3 B F ] I - - .
hhhhhhhhhh

llllllllllllllllllll

7
.

hhhhh

\\\\\\x\ﬁ i

S

‘-I
" L -. l-ll. .ll-...-..l . ..lll...ll‘l -
e R,

llllll
d 1 & d F 4R
Ed Ed darFr TH

llllllllllllll

----- - - [l ] B .
llllllllll‘ l- H E BN EER N lll-lll-“-lll-ll“lll IIIIIIII Illh lx ] “ﬂi‘lll-l‘l-l‘l-.lt“ﬂlllnll
S e A B R S
S e e o et et st ot ot T

s F ¥+ B S AR
il _F_ ¢/ A 1

I S
l-l-.- .-._...._......-._.l..._il-lli 3

.__“...J.,bﬁ.n:.. \“._....h"“"".w..% Hﬂﬁ?ﬁ%%
R e e e R o A
e e g \\\ e A LA Ot
l"l"l"l"ll "-"l"-m%ﬁmwﬁmwgvﬂwxx 5 . TR TE HEl-.\i --“-lu..“.\”“m“i !-h\-.. _\\-Hll\!‘-nxilﬁl‘\\l\\ “I.I."...!m”.ll-hli.“-.”m%m\ll.lﬁll‘ ] ll" - dd dar ad AR -l“-.l\.!l-..“.ll.-. U

. iy R iy . " e
e A S e e %ﬂxxu :

. : e
R N s et Y R .\\.”‘.._..,.._..t._.u.,.n.._‘.._;. o L.}uvﬂ 5% Faly .\\.
o L .,”wm%mmv\w\w\kﬁwﬁﬁmx A u.n“..ﬁm_ﬁ‘.wm.wnﬁ.“,
- y "

llllllllllll

NN u a n . P e R il i wrat ...1.l ] e e I.-II.!i\ ] Ll._..__.-.....__ + - l-. " “r'a e 'n " [ ]
R A A R st o8 Hx.&uﬁ&\% Lo e Sl e
aaataa et -..I...-.l!......-.i “att -.-.”. Tt e e .._ll-.—_ * ..._..q ' \ﬂl 1\\ e !I.\\.- - % -\\\n -._...-nn-.1 .-_..-..q.._“.-_...-.__...-..il e i-_..-q_-.“t.n 'l I AN NN .-.1.-.-.--.__._..__.--._.--._..__....__._..-._..-._.._...._.._.-.-.-.1._....-.-..._..-.1__.-.-.-.._..-._..l.-.-.-.-._.-t-.l li.- r ate e e
e ‘..__.\”.L.x.v_\ﬂ A h...f\ LN L i v x.ﬁ_....‘._.__._.\.. I R AN P r AR R .....uuuuu.ﬂ.hk.uu_,..,.,,.,,.h.uu,,....u..,:.,:,.,.,.u,,.?,.u..u,ﬂ.,.,. = » . . . T A hu?hn..... P sy
4a am lll-.l..- “-\1.-“-.-.. -i..-1.1.__.ﬂ-.ll-.__. ._.-_...ll l‘._..-...1. ll.UHll.‘.\Kl ih%h.l-l.!“!‘llrc1 F ol .-I.l...hl.-l;\.—.-.._.._..-... .—..-.-l..-___-ti.l a 4 & F A A FdAFSS ll.-._........_.._.._.l......._....._.._.-...-.._...._. ...n...-ll....-l:._. . - . .-......l-.-l..-.-.-.-__i-_l__ LI I I N
dd AamE im dr b r 4 -3 L 1 LI - L] a 1 ar L ¥ ...l...ll-.-ll.l-.l- r4imud Cmor ol W - ¥ .-.- I fdF PP d A RT LN N R RN E NN . r g Ad Fa FdFFR AF R P R A A [N
a4 d dAm llll.."ll - ._..1.-........_.—_-..-._.l...|+ill l._.-_t..-I. .l.__.‘.ll..—..l.- ll\\] Bl ._...._-.hl-._.lu..... l.-.l.-_‘-._-._...ul.-.._..-..-.l.-.._..._..l_...—.-..-.l.__ .l .-.-.-....-._..._....._.._.lll.-lll....-+._........_..-|+._+..._.._+-+.+|._.-|_.._.—.l1._. . ) L JENE I B | Bl dF A A - lI-ll-..l..-
“aaam l.li..lil.l“ﬂ......._h.-_..- PR B L __..-.“ AL .14\.1%|-\-| l\l\qnh.‘t\-.u\\‘\ﬂl- ._.l-lu_f......_ R s AN -..-.“.l ..__11.._.-.|._..-._ A rata n.-_-.“ P R R N R R T e e N N N N A N N N N N N N N NN NN N r " 1.__.1...1.._1.__U-.1.-1- atn e e Tt -..1...._ P P ]
aa am n NN h ] LA AL NN S N ST LN N “-.-. L] L ST, .-l...ll!....l.._._.___.-.__..ill.-.-.u“vq A et . o e T, .-.1...-..........._....._.-._.-_..-._.._.-._.._....-.-...._....._.._.+._.._.._.._.“-..-I.-.-._.._|++.+++.....-“-..-....-.l._.._...-._.l........_.-.........v...._.l-._.._..- . . PSS S I Lt LA RO D
Attt -.--.-.-.u-.‘. - H..un..a..nqq-.__v._...... ..-.”.J.._..a....ﬂ.._.._.,.a 1.-“.-.-..-.. L Rt q.u..\". g B e R o Pl s a e e T T T e T e T T T T T L atm e e T e T T e T e
a4 am e aaa ti._.llr .._..-..-.l-l- ....-.-...-_-......._.__.1._.!.__.1 R l-\l“-ul-ﬁll s %...l_..q...-lwlru r e -.I T N N I RN I e i N R A N LI R R R e R R R R N R et T e T e e e T S P FE EA
dd mm LI ] .___1 .-.1.-_-.._._.- UL [ LI o ] " e d T a LR N O U Fa ] [ e | + - - L I I A . L N I I N N A sna
" ., W Tt r e B Ny ek B N W e B P - Fla ...1..!..-_1..__ . AT A T R A A AT ...l-.l T i O i T e T e L . 'r A 0 L U i L L
dd N dd dE P CS ..._._......-_l 47 a1 .__hl.-_.ll._._._._u.ll L] + & P 4 A -IU-_I ' .l......ll n\_\. e e e T e a" -.u..-...-_..-.____. ) FRE I B B I B B R [ ] M N nd . LN N B N A A I A A I A N A A A I I A B N B A F AN Ad A
44 mE N i m o mEa ] - .-—_.-.-l-.!__.- 4w a L -_h.-.ll .-li._.l.._.-.L|1| i.l! H‘..._.._.-.-.l- .-t.. !.h...l-_.‘i.--__.u.. .I-“..-._._.....n....._.-...- . a l.-.lI [ 4 p I A N dF F I dd FF AP FE AP Fd A PSS AR Fd FA RS AR A A
4 E =N llllll.-l- -\‘l...__ LR N LN ] L.Il-.1.ll-_1..-.--.i.l|_.1-._.-_-l-.1 ._.I -+ F N m & - am - h A !ui....n..-.-..._._-.\- FIE I N ._.....-._.ll-.l.“lll.- 4 ad r - ot ._.._.ll.-ll.-.I-.l!.l L L IR N R LR ] F 4 Fd A A dFd AN AR AP PR
“anma A" e """ ...I% i ...___l-_.-.-..l -.-..1....-... S RN NN RN TaT Tt e e ll.-_tnl. Ta e e " T a e e s e e e g e l.._.l._...._.......qll-.-ln Ca et A" F o e e . e e e e .-._..“l - Ta"u .-.l..-.l.-l-l-l__lllnl T N N N
AN EE N A & dd ’ -_.ll-.__.-—...-l.......__.l-.__-_-l .-._.1!-1.__. .-l...!l-...! l.l- LI ] -l.!...-\.-nlu .l-_-.q.q-.._-.-.-.__.-._.q d B4 -l“-..-.- -l!l .l..-.l-l -ll ll l-l- H A F adn l._-ll-.-.._.-.......__.-.-
LI lllll-lllllll . a am lllllll.-....-lll.._.._...-l....-l-.l... -.III- -l.in.i.!‘“i.lll.-.-_lll...ll ll.-.- L I I -.tl.-_._. L N ] l.-.-.lll +_& ] lll.”.l.‘l-..-. .ll-ﬂ.-.“-ll.- El...l! r + F F F AP PR oAd
l.l.l.lll. R R AR R R A AN R A NN N AR A A R |\\- l_-_”‘__.-_\"..ll\llvxul ST T l.._.\.i._..-... e e e e e e e l..lnl-.ll-..!.-.. na e s .-1.-.._....._...1...... N N e - r+ N . LI - e e e ] ] [ ] [ .-.% l.-.-.l R )
L d 8 d dd @& d A d A dFd P A F AN SN AR Add AF AF FF AR AP AR ] = + 4 Fd Fd F A AF Fdad A a1 RS e e Bl F AP - F-FdEF P -, B a re ' .o - e - ] - - et e e e e
EE EmE L NN NN N N R R N I I I B I A R e W -1 .-.“.ll--. .-_._....._....._.._..-ll.--.-.-._.l.-._.-lll-lll-ll.-.l-l-.ln LI I R I A I | . . a4_F rEa LI r ] ra I FfF AP FPFAF SN
R Tty MR \.... .__u.-m_____... et oy q.... e e B B R Bl e e ' e ...qu. o . .R. e e el
I N EaN L N N i N N N N N N I | - N d & d A B4 FdF-F=-4+18F A llt.- -_1_- AN WA A E A RS
L T R et i e L i e e ...li.-l.l.-i..-.-.-..-l-lk\. lI- .1.-.1. l.-_l. Ih-“l\.“.ln ix e R T T T e T “atatata e S O e . .-.-."x\ L et ) [ il ] P L R L
EEEE N [ NN N N N RN RN Lt L ll.I.__1\.“.....________.__1.......__._..__._.._.._.-.-.-.-.-.-.-.-.-.- L I R R - .-.-.- - t-._.kt_-. [ ¥ q.-.-_ql.-._..-.-.l-l-._.-.-._..-l.
"N EEE A F A Fd B d P d B d AP AP AP AP AR A S P AT AR PP PP A -~ i ..-.-_ - T e e 4 &8 doad L T S N L} - 1“.'.1 o Ly \ - A AW A A LA A
T I O i I e N L lil P N N N B I S A e i S S i p [ Mty Tttt A T, e . - .\I‘l‘ L] o LI L I D D Lt
dn mm NN - L ] . a 4 raa ] i & na - PHN RN - F N N N N N N LI I E I A L] L] L D B N ]
EE EE N ..--......-.-.lq-\ J\ll-h\-.lll-ﬂ.-.“-.l.-..-.".__.-..-iuu.-...-ll- Aam v a = \‘I L IR AR 3 1.._..-“-.-.l.i.l.l.l.l.l-l-l-l!—l--l d 8 d A d A d A A+ A=+ .‘_.. .xlﬂx.ll- \ -l-.-.__.._.._+._..__l.-
e e e la..ul_.sh‘\..!l-. .!1.!. na !;...l-.l.“... a e ta 1.1..-.1..__. ‘' . ...l.l .Hll--l“..-1|“1“l1 .\lﬂ.l.l ata lhl.-ll\ﬂl!.l..__uhl-l.-l- P H."i.\\"‘"-".l.l T !uil.l mata"a Wt Tt Tt r r rr " “._-. o I"\.-H“&. o !I-lll_..-._.._.-._.l.-_.._.llm._.lll._.i.-
llllllll lll.lil.lll.lll\-..u. -.I..\I._. -_-_l- - ..__..-1-l1l-l...\-._-.- I_”-.-._-h__ llI._..il .-- .-.1.-!1.\....[-.-.1\\..\-![.“ .-.l-...“._. .-..__l * l.l-. ] l...-l lll1-.-l_+.- - -_l._._.._. 1.+l1 I.I A mr .1“-.1. * ™ A Edod .l._.._.._l._.l._+++-+._._.|++l.+._.._.-l . e - j u-%. \.\ 3 -l \I. ll.-!-.l..-.l.‘.-._..-n...ll_..._._....-._.._..-.._.lll-
" "u"n PR M ...l.“_..- e T T e T T T A e T T e T L e e e, l-.-.ilUl ....l_-lll__.ui..._.u._. h-—_l-.-‘.-“i. Pl Ly + W ata"a% .-.-...._+._.+._+._.+-._.+._..._.._.....++._.-.-.- ' ) " .l.»t.l. A R A N L e
llllll.-.-.-.-l.l‘- 1‘* ._l.i.-.lnﬁ..._..... 1“\1‘1.._.--..-1_1...__1--..-.1.- F [ a ¥ 4 & T 5 L L B ﬁ-l-.—.-.li‘ul“k- LI B I B R BE R B I N R b - -x b l-.-..-.l_....-._.-._.-.._.._.l-
¢ A mu\..“.._\n.,.._. R e R e N L P m e L L L R It e, . .1 .\.__.\_.... AR R
-l-lll.l R e L l-l.-.. nL-.-. | L ._...-_“‘._. a ..h__..-_-..... -._-ll.....h R N R BN l&k“.\"“l-l“l.-._.lll..__\.lh-.l._.r- ._.11.\-\\1 h.“\ﬂ.- 1 .1-.-...-_._..-....1 EREED .-||._++.__._.__++-l++|._.+—_........_.lil ) oy’ “-ll!_.._.l.-!-.“ e e e
e -..n.........-.n..___.._-,.nnuﬂn_. B "R aat T T L L L, f....-.......-.u\.._u B LR -..._T [ T wta et T . -1..‘- o .______-..._. ..-... e T R R O
EE EE -..-..-tl..\-.i_-\.ﬂ.li-i-_... " - .._...‘ ._...-l.-...llq._.-...._...... a LI I __._.l.._-._-\l.__.._b.-...q..t.“__ql.q.l-.-._. -..._-....-_l.-.u. Imd ol 44 F=-F -F -+ tl‘.i.- !1-..-.-._..-......._.._.....-._.
--lllll. l.-.-..-.._._.._.-.-......___.”.__._..l-. ..tiu.._\“-l.-. [ ) LI "’ 1 .l.-u- .__“.. L3 ___._.1...u-ll-+-__1.._+l .....--...-.- --.-l—.._.lU-”\.l._.- ..lu___.-. l_-.‘l-l-“- -H\.....-—.i_.-ql-_.l 1l1 .-_-U-.l.-.-t-...._. __...____....-__..-I__ l_- 'R ..-.-...._._.++..+++._.+_.|._....|.+_.._.!l-l-.l. F i -lh-.l.“.--.-.l-l._.+-._.._.._.v++--.-._..._._....._.....
an e R LR RO R .-.l._. - l-...“‘. P e .il“..-il-.-..l-__.i.._ .-L..‘. . .....-..__..._...1“-..--._. ...ll_-. o .llT.\lli._.-.l_- B i i..l.‘.-_--in_.-l.-l___i - P m om0 R N R R e o 'a ) \\. AN NN
I BB FE s a FrFFra . -k FE " AN " ] rd LR I Y L] LI L nr | A L I I T N A R ..-..-1 L D R S B o ] 1id ] Fd A F FF+F PP A
amEm -..-.....-.......-.-.-:....-.........._.KN. - 111..1.._.....!‘..--.-.-!.-!-“-1& lIl-.I\.\-.ll.-. ._.-_1.....---...-1-....-..__....1.-._....-.._. LR | I E I EEE I gty L] ...1.-.....-.-..-!....-.-.l -’ KL\I._..- PR A N N I |
E e h.-h.nln.n...h.l._...._....-.l__n- P ¥ ._..v...._..l--.ulll.-...l...un.-l...._.nq. ..“..-\..-hl k“lll-.l 1“1\. %\\l“ﬁ\h& ll."llh..-.l... T e e T e e e e e T ...-.l a5 1.._.___.“..-n._...-h.-n.-n AR R .llh.u._....._n._.u-htl-nl...-h......-n._.h_....._.n-...._.h_.h._.nln._. P A Ut -.ihi. _...illntl.-..._.h...-._.n.......h...-._.n...l.-l.-L
I BN E e s s rrn A R e oam g LRC RN I M I I | 14 ] ] ] ll.I ] . a ip N N A N A L e - m N | AN EE EEE [ I ERE N I N R E N R N A R R A R B R AN R ] L] ] F & P+ P+ F +F 8
EE EE .-..-...-._.ll..ll__l1-.-..__. v ' - m 1 = v+ T 1 4d AN BN EJAR EE EEE ] e . lq....l._..._.._.l.-.q-.- -...u.\-\\l‘__l\\._-.-.-.__....- H I 1 EEE1 B d £ d dd F=-F4 +FAFFF+ AT+ A LREE A B R O R R I R T R I R N . - n a LR R N A N N
Iy r - r v r xa - r s rmraa - - I o= 4 . 1 4 1 - 1 a2 E E E®ENSE®EE®NSEEES22=EE®=SS3IEEE === o - P a w s e e e L L o R AN Y = = = = mom a L T T T I R T N R T R i R R T ' DN @000 Al R R R i e e e L o, rr o
[ PR N A N A e ' F e e + B¢ TS AN [ - a dE Na NN Ad -ll-l..-.._.-._-.__.-_-...! W roar N W N » L e | - 5 E I EEE N O N N N O N O O I O N T . . LI o LBE I RE N ] LI D I B L] £+ B+ P AT
B e T .-..._-._..._.__1|l ] - - l.......‘._.. ..-_-_.._..___.._-.“-..- 1+n1.1|-1.l--%\%| -.ﬁ.%"“mx " “l!l”.-.ll“l.llll”.._".l““.-_ ....__1.."“.-1. ..--.“L ettt ___.._.|1 __.n-.“_.-.- " l-..Hu...-q.._. ettty e RN I S T S e i i e TP A L e
a"n"a"n llﬁ..hih-hi“-“"......h.-:-.-..l..|-..1.-..-.......-_.......l. (RNl it ﬂ__ﬂ.-..tuu T " - I.l.“-.ll‘."ll"lll - _ll -\..\l.-. T e T e !_...-_....ull-. . SN R A B T T S T B T IO .+.-I1+1+.+1.1n+n++..-n+.1.1.+“.l-+. ECMNE RN
I N RWr s s -+ - n LI Nt b N - .i-._..-..._.__.__.-..i.l- [ LR R e P I ] LA LI N LI - u a4 d A EE EE EE N I e R L D M LR + @+ b+ A4 F L+ 4R i+ AP+ F FF P PR R
g ¥ ...-.-._.__.._1 TR " " AT A A PR T R R T A R AN R R R --....-.__1_-_._ B 1K.-.-_...”..-. !.....-.n...-_-.\‘-H Pl A E T N NN O L RO O D T O S A AR R R R R, LA e,
[ R e N EL r Cate e T e T Fe TP+ F 44 mp x - ._.._1._+_.|1..__..1_...|.._..-._._._...-..- r .._.-_.1.._..... IR 1 E 1 EEE N N N O O O I O e e e + FF A+ ++ + A+ F PR + F P+ AT AR
et WA LA T - TR -._-_I-.lll-.nnl‘“l.-. \l\ﬂ.l.._. ) . * I% \ﬁll._.._._.-.n._..-.._i “.l.u._...-.- N LS M e e ---.-.-._ e Yttt e R R T RN N R I i e i o e L e NN NN A R A
L LR LR o, . B I R A l___.- hhhhh ll__.lq\\‘.l-. . #m r s am s -_.l.-. llllllllllll P A I N R I (] I i T T i T R T i R R i ' e e N N N B N e ' P a e m e a r e
l-ll..-..-._l._.”.l..._-..._..!-.._.-_.-. - + & F T+ N [ ] L3 A . .-.l_- ol LR | H.H ﬁ._.._-.l._-....‘l_--l-...._.___l .\\i T | 1 1 EEaln 41+ 4+ -F -%+r T t...-...__..-._-.._.l__..u.li-lllnllllllllll.._-.-‘ FEEE + - - P+ PP R T A atw e e e e
I BN R Fe s s+ - a w o a av i a . + 4 - ] LI I.-.i-_ - s P Fwr L _.il".. -..-..-.l.-.-....- 4 a8 d oA d A AN EE EEN P+ ++ P+ PP ARE T N N I I - R LRI + 4 F 4 F 4+ 4+ T+ EFEE+F PR
-lll..-..-..-.\.!__.ri_.... LI N ] = ll._.l.-l.. =4+ xsa L LR L ] .-..........-.1.....5 ...-.11“.._.. !-\\.ﬂ..:f.ﬁ-...-_ _-\_._\-.-.-.-- 4 Em 1 EEal P4 A A F - F A b - 4+ B A A A F F A AR A4 AF FFFAPFAAdFFAdPFF T - d L] LIE NI N _ I N A NN I
e m a e e A e e T e e a ana llll!l.”-.-ll-lkl-.-l - 4 .1-_“ - ll.“.n_- II.-I I1l1.uln_. e e 1.1._.||“.-.1l s . .-.1.- L ‘.___."1- rF e e n e a"a e AR AT T T T T T “.I l-..l l.lll.-ll“l.lll.-l.!l e e e e e e e e e e e AN e e e e as, .-._.l.l.-....-.-.l._..-._.l.-...!ll.-.l..- 3 3 N N
EEERm A FF FF AFAdF FdAd FE R L I _____..1.1 ) ] LB F F A AN dd e aa e RN R RN NN o o LU N L daa L TR N W E ey A EE A " FAF+F 8 FFF B
w e mm o ICECEEEE BRGSO R ERLEE R e R N I R C AL NN I R A L ) I B SCEC N R R OO e U e N NN N e ) LECEC R L AR Rt AT R B am ru u . LA ROt N N R L as s mm LI L LR L R L LI
EE EEE T I I B B A e N B N N N B i...!._..-..-!-.-l.-.l.l-ll__...-..-\_-l.___.l._.._....._.._...._._.__....._.__._.__._.-...-.-l-.-.-l._..-.-._..-._.._....l._.l I 1 EEEl F 4+ 4+ - F - F - +F " "l Ca l.-.-l“tl._.l...._. - t-li.-ll.-.l.-.-lll LIRS SR A N
EmEm L N N N I R N B I e o A i A I A e - r an [ ] e ] LI R N N I R R A N A e A N T I e " AN EEEEN C I I R O R A | | ] o L L d an ] dF+ P+ A
EE EEE ..-.-..-.__._.-__.-__._.._.-l-.-.-.-.-.-.-....-._..._.-.__.._.-.__.-l._+.-.-.-.|..ll-|._-."-...__- P o LI A A A A A A N N NN NN N NN EEF =5 s 1 81 8 1 + 4 F 1 % - F A F - 41 | Lo n LI R d F A FF LI | -.-..-i.- - LI ) PR ]
L A O e A R AN ARG -~ - - -1 - - B A A . e e L e e L L - S e
EEERm ll.-.-llll._.._..-.-l.-._..-._..-.-.-l._..-._.._.._..-._..-.-.-._...-.l-lt_..nql.li-l-l-..-..-.1 , r L I e N " BN EEER S L N N ddFEF T L I N S D I e ] | uF ] " AFFF R
e e = = = e B S o A e AL MM . B s
[N Y & 4 F J a8 d 0 Edad a0 a a0 a L] Ad AaF FF Ad AF Fd N + r ._.-.-.l.-....-!-.lh e x.x_.._.._.-..-..-._._.__.--._. R N N N e e R e N LI ...._....___.._.-...1._..5-.1 ] 3 e e e LI N N
PR e e e s a a e e i Ii.-l..__.._ t.I.-. ni-._._ mllilu..“\- I N N i N N I N I N A N D I O i " AN EEEEN P R L] o A & dFPFEE FEF+F A+ AR 4
L Pl gt gl gt N\“-\ lj..-ll ] LI .”..-.- l-.-\k!l r I.I!I.IH-I lui.-l-l a ..-.-l..l.-l_“..-..- L R P I N R i e T ] R e PR E L NN B a t‘-..- LI B LIS N N L R
[ 40 Fdan 4 .-_-_ll“”"ll.-.._.-_i.-.._i.l- I !-._.._..l a4 a im - -._.l-.-. - T x v L !l-....-..- e [ A AF A A A 5 AN E1 + 4+ 1+ - F 4 F - # I | B
I BB BENE s s raa L a4 T T A -lu.”l.i..-.q.-l.lli.l.__.-..-..-.ql.l.q - npr T .-.._.-......__....-.l.I. qi-.-.%.“ Ik_-.uq._.-..-..- EE EE EE N LN N N ‘1 LI I B FEFFPEPF LS 4
" -l..-ln.-.-l-il_“.. b ) 1-.-_ " .-._..I.II.l_". e _.-..-...U“.-ll Lt M .-".-“___...- Pl S N L .-._.l.-....-l._-..-....-..-w.-.l-_.. ....__I..-‘l.\li - ] .-l__.._ e s e " " " """ e S r » e e e .-.-ll.-“..-.-+++-++++.- "
EE EE a4 dord A 1 a4 - - 4 . % Ak s L L] ] L] + . H aa LB 2N N | i + - [ ll__- . ] LI ] I 1 EEEl A4 F L+ =+ =+ - A 1 I I | L] TFE T TR
LI | P P T T+ " l-\.-__....-..___.q -b.l...._-.-.ll_..._. arE AR n m Ay o ol lll._.._.\%\.-_._.__\.- 13 lU‘LI-.._. [ AN EE EEE ERE I R R A R | - L] F B AN 4
e nl..-.-.-.lnl-....I.ﬂ.ll.ﬁL ey, rat U.-l._. [ .!“- P llI1-_l-.-ll.-U1....1.-—.- N T L L e L .!l.l IU-. +"n .._.l.-h LN L R !“-Hl.......{ l-.l.-! B M M """ n"n"n"n "’ P N S o b ] T et et
" ottt 'l et _-I.-. e * I_‘..-Il.-...-.- wor T e e e e e e -1!1.-.- R N N N AR .-.._... . St e ERARERERE e e e e e F Nt e e e e e
an"u"n e L Il.-.._.-_-._. l“_.li N e ] F_a_® F Ik i LI N I o .q11 A F P F AT L LI T I i St I | T , LE DR S L)
""" UL L Rt o PR L. Dl S e e TR “-...____\..._t___l r L ._.....I”_-..- e .til" et L e, LIS L L L DL I L BLIL LA L S
a4 aa * r - - L FFERR

- F l. .-‘ L ] ” L BB ] L] Fd K d =1 & n L N lll“l”‘ﬂ.‘h ‘lﬁ..i‘ii&-‘i‘&‘l - I 4 . . - 1. . .
l.l.l.l .IIL . It”ﬁ . ‘II-I. H. .-. L) l-‘-.—.l TIT.“"FI‘MH“% ll-l-l"..-. &&\' R”E”‘“ - h I-H“ ‘Il. -t I.L.- -‘l' - ‘l.ll‘-.‘“‘-.l-.- ‘Ii .—.I-l‘ r‘.-“l‘...—.. Illl l”- 4 l...‘lll.‘l..—l..‘lll l.I.l.I.l.l.I.L .'I.-.L-—.l.—.l.—.r—..—.l —.I.'l..-.lil‘ll E . L) . . . - . . g 3
LI I d 4 4 4 4 N r s FfF l.. .l r - ' - l-rl-.. ‘.‘.—.I .‘.—. . - - .. X “‘J. -.‘-.I l-._h l.—‘-‘. .‘-‘l - - .'-.1 .-..1 I‘..-..T.-.J." ".h.- ‘l.‘.‘.‘.—-‘.‘.‘l.‘l ..-...-...-...- .‘.—..-..—‘.T—._—.—..-.I —..—- —.I.—..—.—.I-'-. o L L ' - P P LI L L .'—..' ot
”.”.”.”. I”lu‘”lul”.u‘““l.\‘..‘“”lnnuh .lr o .l . . 1“..‘l ”..I-..l ”I.I.illl-“%%%%%‘%‘l.-il-.Il.f...—_-l..r.”M-'i. ‘l““&“ ﬂla-ll\‘dlﬁ- ‘.l‘”-“ﬁ‘”-”. . .l'li'i”“".ﬁ-ﬁ%l-lil.—lil.—ll l.l.l.l.l.l.l.l i.—.inl.—. —.L+li.+lil+.—.!nil‘l‘.:”lu-\ i - lnlllllll- ] - \ .1-._. .Il ..-. i / i .-‘I—_.-..fl—_.r+-.—_ IIL.”L.“IIE ll
- N . r . LT . ! = .

-

n

LI |

L3N |
= ==

LI

LI ]

[ ]

-mom

F

+ + +

[ ]

=T

F_ o+

== =

F & 4

+Tr %

F

T T

F

LI ]

F

-

r

+

r

[ ]

+

i:i‘i“

Iii‘iil‘.illii‘i‘f“
[t %

R R -
.l L ilil‘

w1

i

- - .
[ LI I I I R R R I - - LR LI U R LN TN R e A N EEN NN NN a e mr LN B a
ammm ad o age i o+ F ammEnm mam e N s e ] .- PP AT A FT AR PP "l E o EE £4FA+ - F -+ -aPF 4 va aran LA N )
AN N N s n aanwn s L . - .-.-l“......_. e I e ] . N RS A R . s S L ML R R S EE EE EE N P P E FF bk FA S A PSS s FF AN - ma A N N N R
P = s g a s e a [ it a . e e e e |L-.__.-_U_.... o - E P . - e aa e neaa e e A A EEEEIECECECIEEE TN T N T Tt A e e e e PR g, = © n B R = gl gl Rl ol Nl i o i R ol g i p e
m A s A e s R SR L e e O e e mE R Em T L -._-ﬂ._.-l_..-._._-n_-._- P P R R = o = = n nE N N L N N e LR PO U O
" m a4 raoan - ek A ekl . W W - AT r - AE A d AN 4NN (A E N r A N ) L N NN N N K "l E o EE N N N N N N - N )
[ L N AP b Bd Kk -...._.. PR L N N o L] L NN A W ] ...I..-.l......“-_ IR NNl W NN s s s s 0 s 0 & N N R 1. - I L] AN A m s f N R N
|||||||||||||||||| . ata o m m m . P - e at s Pl a e ' A - S R e [ ] T T L AT At T T T N LT T L Vet T Ta T T s A e A, . - m mm e ala e N T A
[ et T T e e e N O R LN T " o —_..I.._l.-.U‘ Lt . W g L e ] A N EEN R I N NN 1 R N e RN R N LI L R R R RO ]
nmmm LICC I N D B I N I o P . r F e . L N I R e B e N N N N R N N N N N N N N O R N N N N N N N NN E N NN N N N N N N R R N R O N N N N N N E N NN
"m A WA W SR P At AR EE SR F e Ry A N LT R IR L e SR R L] L - E AL LI L RCRE A EE EE N Mk Pk FF kA Bk kB bk ok FF Bk ER Bk ok E Lk Ak I F Ak o=k -k = ko= kb F L N R N R N N O N N N N N N N N N N N N N L N
P m m i e, - B P L N e R R R e e it - e m . EHE it el T . - - - Lt P Rt~ w m m o« i ' T T T N N N N N N N N N N N N N N A N N N A N N N N N N N N N N N N A N N N N N S N N I D B N N N e
amm A aa s s m s - Ve d e L N R A LA mm L N R R T I e ] PV AL R EE EmEEm NN N NN R N N NN N R N N - R NN N N NN N N N N N N NN N
aam o e A AP b r A xR T Rk ke A aamm n n - lllll-.-.ﬂ-.-i-. ...... Pk - 1 Farsd "l E o EE A B4k k- B Ak E A F FEAFFFEFEFERE FEFE R F AR AR kAR R+ k=% P FF AR FNL Ak BBk F kR FF b E P B Pk Bk kb kb b R A
am . aaaa N NN R LD I R L | mn ] NN NP IR R N N _-.-.._.ln.-..-. T ] A N EEN N N A N NN N N R N N R A A N N N R ] L N R A N R o A I A R A N W Ny
e e T e et . Pl et Ta e LT TS e et e I i M RO T T T ST e P P R R N N N N N N N N M N N M N N N N N ' P A N R R N B N N M R S N R N S R N M N R N M N e
mam ll-lll“-_.n...l_-....-.....q_\.._.u.. -.___Iru...._...._..ll-.l o aT e, llll.......__-i._.l_-._.i.. h1.-...__..__..-.-_..-...l__. iy LIS S fam smmmm N RN N NN N N I RN N N NN N N R N T NN
m . adddn r B AR ) C O W N, F e . A g T R B B g - L A NN "l E o EE F A+ A F - F - F -4+ F B8P PP AP PP+t FF 4+ A PP A bt + % FE P+ 8 A = k-4 - FPF FF+FFFFF+FFPFFFFFEFFESFEF+ FFFF RS B+ +4 4+ ++ 840
mm IO B S I L L + . a ' L i LA IR B F | T ] A Em anm N A N A N N R N R N N N N N N N N A N NN N N P A N A R N N R N N N N N N N N N N A i i e N N
- ) o i T e e e T e a Cew . Bt I et R R  m s m w4 mon T T LT R N N N B N N N N N N N N N N N I N N N [ ' ' N N N N N N N N N N N N N R M N N N N e I i D N N
m LR ] ll.. LR e LA R e LR LEC ) Ll .-.-l...Il!...l....-.........l......L!...._-.-.-..._ ALY L R o = nn R NN RN N N N N N N N N N N I N I L ] N e L S L AL L B NE B T A A St ST L S
" m - A = mnan e e e e e e e e T e e e e L e L = L O L A ] - LI B s r Aas ra " E A AL NN S Lt sl RN RN MR R M I R =k = F =k F ok F F BBk kbR k kbbb bk Bk Bk kb b P A B E kA RS
[ mEErFE N E NN BN BN EE EEEd S NN NN AN NN e L4 ] A ] LU RN R R D I e . LY ol e r A e A N EEN L N N R aEE rT A N D ) N A N N R R R R R e i N )
Pl e e e e e oy L) e P P L e a aa T ra ata T T T T e Tt T T e PTaTa P e - e N e S M N B O N M N I A T I N e e N N R N
[ En R ad A a a e A A AR R R AR R E R E R e e e P ] e * N I N N N N N L N N N N N " BN NN NN A N NN RN N . ] e LR RO it SRS [} LA I A W R A R B S N N N
nmaa L e B B U e e L i p e N N SN L I ] gD U e DT B e e it et S e e i e S e N P NN N ] ra mm A A aE A [ L ] - I N
"mmm EIC U I R R N N Gt i O N A A S N B e .1!1._.--__.. LR R L it A R N B B e S N e B I e N 2 N O " EE EE EEE kA Pk F A F R A RS “1........!.. ] _a ko nra n P N FE FF E F ok kA
llllllllllllllllllllllllllllllllll - -, rr e rTaTe A m n m a e oE omm L SN MO SR S . o/ o - u'r - rrrrr et La e e Ty
aaa P N N N B i i o N e r P ' - Frruam'er. N ) NN " EE EEEEE N NN NN mra n - e N S O NI
won e n R R N e R pb M BN B B i e W . . PP R N . . O N ] +.__._+.+L._.Ll._..-. - o+ A b NP B bk b b b AR
e am L I I O N N e L AU LB I ) L LI AE BN EE NN L A NN ] L RN LU N R B Al |
- [ i it i i e e i e M - e .. i = e« e S M - PN e e
[ LR R SR ey I aC e B D R B A A DN R . ] L N ] A . E AN AN BN EEEEE NN F EaL ML SN M
L ] L U R A A LI e e B - L : - . . I m L E 4 P4+ L 4 ) " EEm LN
m ] = " mam EC I e e R N R R R R R R " ra . . m s . N EN " EE EEEEE Ak E E F A - Lk Edm R N
- mw - n - = e I e T e T e e e e = "™ " n"n " o . Y [ o e e M ML - Lt g S M N S At
m - . = a L AP Ay S * L L3O amma aa nma " EE EmEEm NN RN 7 . LR NN AL
mEm . n - [} __.l" o L ] .._-...l_-.i. AT R e . X Fomn N N N e R N . aa
" "aa e .-.I.“_hu-.l - ] " ) .-.IH.I-._......- ...-.._.l Y !“.l".-. - _l-..._;_ i\.lll..“.-li L . e ot bt b for . r, 3 ".l . ....-.-—_....—_—_l-...—_._..-....-.-“l-
ndd llllln_I .._...-.-.l.._.-__._. LHE N | l._..u-l-... e # - ....._ -__. .-.1.-.1 a 1 - LI r H B E EE EE N L ll“-.ll.-lll-.i...__...-_____.—_....._l‘
et et x;l e o e -_!.._!.__.-ll“.hﬂ 2 Mt .-.i..ll!._.-.-._.-..._._.l_. __.1-. e e a -’ y S " " P P P P L
P e "™ .“....-_.-__”.-1 [ T r T4 a ettt et Fy Tyt e ] v Dt WL - . . - + AT+ 4T =TT ] R A e
mm " maaam r A ._..-_._...._vl___-___. PN N ] B FR e - Al L) - " EE EEEEE PR PP AN * ] [ Pk F FE R E RS
m . IR e A LA R S s A - o l!-.-._..l 1 * 4 P r B " L R B b
" "a"s Pl e __.".- AT Sa byl W ._111111-..-..-1 B P T " e e tlln__.!..._-_.ll-.ll._..-...i_-luu.._-. - . ] N S e Pl o o v__...-.-l...._.._.Ul-
[ m NN AN PR A m bk ok B rMoar P A RN N AC g R - ] - a H EE EEEEE LI I N Y ' 1.-..._.._.—...._._.-.-._.1-
llllll ll.lll.lll ll._..1_.-.-1._.1 ..__.._i..._..l._.!-.....l.--....-...__.._..-.__.......- ++1 !__.... l-_. l- l-. l-.--...__.. ll.l.l.l. .-..__- l...-.-.-!-..“_.Illl_.l.l.lil ] .- . 1 lll- l._.._ —_._..-.-.- "t ! !l.l l-!....-.-....-._.-._.—. _.-.-l._..-l
aam lll.l-.-.-. e .-...-.....-t!.-.qr_-.i-lq‘....lu I_-.ql;_.l-.l-...n._.i..-l‘ e e e ' L) LA . - 3] a L] n + F )
amm e 1 r vra B o - ] .o L BEETENE [ Sapa = P A - . - ; - 4 EE EEEE®N .
b L - ....-..-.lu a P ow kb oroaok - ] L - . L] | ] 4 -
. a - - - A - . . a - e

“d

-
[ ]
-

e

A e ...\x.ﬁﬁﬁ..ﬁ. - l.._\ R
R _."#..}”nn,ﬂ...u.u\h_._._.“.ﬂm.%_ﬁﬁm..ﬁ_._.“.“._w.\ 5

2" ‘ ‘Lillhll‘hll‘ll ‘

e A R e s

>
4
w
h

i

* F

+ F

+ F

FF

L

F F

T +

‘“-III.-. L
m N+ F + F FF +F

u o+ FFF
“I!-_-l rrrrrrrrrr

-.I‘..I-—.i.—.—.
!l.l + F +F FF + F

ll-l. * F ¥ + + F

= =
L
L
Ll

* F

r F

+ F

F

+

[ ]

-
H H EHE E N N EN NN NN NN BN EEEEEHR
+ H EHE EE N BN EE NN BN NN NN EEETSR
v EH EE E N E N E N NN NN BN BN EEER

nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn -
L] N A AR R N R !1!1!1!1.-nl“-\t.-t-.l-l._.-l.-ll -

J.HIH.—.&... - H E R BN EEN L B B L L DL I B N N N I O N N L N A N I N N N N R N N N N N N N R B O R D B N N R N N BN BN N LR N B B L B B N N B N B I L} T FF 4 L] -‘-.I-"l

d L) = om . . - 4 4+ F P+ F & FF+F PP R FRF PR P AP PP A PR+ FA A A FA RS-+ PR T nr

i 11_...__.-. a __..._.-.l.-. P e e e a T e A a e  e a a Pl Tea T, a e e . ' P R R N i S N S B e T R B T S M e A S S I R S A T R N LA N N L N O N e
+ | F F U - t‘v-‘. L H"-.l. .%' H..N " BN AN AN 4 dd dd dd dd dda ddadadaEnm -H r - i . - %+ F + F fF A8 B+ +F F+F PP AP A P Al A AR B+ F A FdFd AR d PSSP PP Tt

” - ha . AILALALY el 7 R R R R e L s H EE EE EEE N N L N N N N N N N N N N N e N N N N N e N N N N N N N N N N N N N N N N N N R N N N N N N N

n xxx.—.. -“.Tth-."l ha " B BN N4 E R a4 n d B d A4 4 dad N L} n L] ‘.\1—.. a i | n - I+T+T+T‘-i‘++T.I.—.—.—..—.—.—.TT.‘—..‘..‘..‘.T.—..—..—-.I..II.ill.ll‘l.‘.—l.—\ll-l.-—...—.L.-.L—.‘.-.“—.—.1—.“+Ti+i+‘7‘+‘i+
- - - - w - e i o i.‘..-_.. w e =T B ettt  m mmmmmum o e N R N N N e R i R T R T R T e e i Tl T T T e i e 2 aaatm . S RN N N N M N N N S N N N e '
r -1.-_.11 Cae i nnll-l-..l.... ..-_-.-.l.-.-. A F - - F+ ¢ e L] - ._.v71.1—...-1._....._.._.._.7...1.17v.-+++++...v._.l.—._.v._.l-l.-ln...ll....-l.-ll-.-.l.n-l-n..-.v-v.++++-+—+++...vvv+v+._.+v.-+++
L‘ ‘ 4 | " E A4 AN ‘..—-l. Ll ‘.r‘nl1+- Ll H BB BN B RN A .—..—..I-—..‘.—..I-.—..—..I‘—..—..I-—.1—..‘-‘-.—..—-‘.—.—..—-—..—.--.!-.—.-—.1.- l-l--'. -..li-'l.l....l‘—.—.—.l—.—.—..—..—..‘-‘—.—.T-—..—.—..—-‘.—._T_—._.—-_.—.L
L - aam e L B S N * a aa a m B N N NN NN N N N NN A FF 4+ E BN BN A4 AR A8 PN BAd A d B R R d AN Ak Ak E P B E R E A FE A Er bk bk A kA

- - - - " - A e r B . a U o o[ A R R e e e e T R T i T R T R R R R R T R R ara e A e m e aa . R T e T R T i T T e R T T T R R T R R

| n l. !‘ [} r LI " | -.-I‘l . . 4 F F + F FFFFFFE Pt P+ +F +F FF R FaAF R |+ S d d A8 A d FdFPFFE -+ -F=-+F+PFFF+F FFF+FPEFEEPEFE RS PP RS FS

- a - mm A wom S | a " E RN ER+ PRk ko BBk ok Bk Bk ok ok Bk | Bk Ak A4k Ak Rk AR AR b F A AN AR A M MR B R AE Bk kck kb kR ok b FR Ek ok k bk Bk kB A kA k| k Ak

- L] . ] L] ] 4 a m_n . EhE e R i i N N R N B e L N I R I e i I B I e e A R R I e S i
- Y B - - [ e - s e LI P S R T o P O N N N e M N N e N N e N N N N N N N O N N N N N O T N '

L] [ LY L [ N -l-...l--ll._.lnl-ll--l-...-l-nn 4 ma am a *a e . . N N N N N N N N N N N N N N N N N N N N e N N N e

‘.l. L | -. Ml.l.‘.l.l. L al L] ...l.. -.-lll- n " B R EN -.l-l -llll-. | Y | HE BN F+ FFF LI B O B B N I N B O N L N A N N N B N N N B 4 B 4 4 g PFFF+F TR PR R P PR A A A -

o4 n | B B ] nm u n " AN E R | I | o I HE I B P 4 I N I NI NN | B B | o A F ma da - - - A R B 4 F &F F1 AF FFFFFFIAFAFFEFFT <~ P APPSR PP FA A A - F - - PP Y PP Ad A PFF A

FIG.11



US 8,691,679 B2

1

SEMICONDUCTOR DEVICE AND METHOD
OF MANUFACTURING THE SAME

TECHNICAL FIELD

The present mvention relates to a semiconductor device
and a method of manufacturing the same, and more particu-
larly to a semiconductor device having a silicon carbide sub-
strate and a method of manufacturing the same.

BACKGROUND ART

W02009/128419 (PTL 1) discloses a material containing,
titanium (11) and aluminum (Al) as a material for an ohmic
contact electrode arranged 1n contact with an SiC watfer (a
s1licon carbide substrate). According to this publication, con-
tact resistance with the S1C water can be lowered by applying
the maternal above.

CITATION LIST
Patent Literature

PTL1: W0O2009/128419

SUMMARY OF INVENTION

Technical Problem

In a case where a contact electrode having Al atoms 1s
arranged 1n contact with a gate mnsulating film, Al atoms 1n the
contact electrode are likely to diffuse into the gate insulating
film during annealing treatment, which may result 1n lower-
ing 1n reliability of electrical 1solation between a gate elec-
trode and a silicon carbide substrate.

Then, an object of the present invention 1s to provide a
semiconductor device capable of improving reliability of a
gate insulating film of the semiconductor device 1n a case
where a contact electrode having Al atoms 1s employed and a
method of manufacturing the same.

Solution to Problem

A semiconductor device according to the present invention
includes a silicon carbide substrate, a gate insulating film, a
gate electrode, and a contact electrode. The silicon carbide
substrate has a substrate surface. The gate insulating film 1s
provided to cover a part of the substrate surface. The gate
clectrode covers a part of the gate insulating film. The contact
clectrode 1s provided on the substrate surface, adjacent to and
in contact with the gate mnsulating film, and contains an alloy
having Al atoms. Al atoms do not diffuse from the contact
clectrode 1nto a portion of the gate insulating film lying
between the substrate surface and the gate electrode.

According to this semiconductor device, Al atoms do not
diffuse from the contact electrode into the portion of the gate
insulating film lying between the substrate surface and the
gate electrode. Therelfore, reliability of electrical 1solation
between the gate electrode and the silicon carbide substrate 1s
enhanced.

Preferably, the gate insulating film contains silicon oxide.
More preferably, the silicon oxide includes silicon dioxide.

Preferably, the contact electrode has T1 atoms. Thus, con-
tact resistance of the contact electrode to the silicon carbide
substrate can be lowered.

A method of manufacturing a semiconductor device
according to the present invention has the following steps.
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A silicon carbide substrate having a substrate surface 1s
prepared. A gate msulating film 1s formed to cover a part of
the substrate surface. A contact electrode having Al atoms 1s
formed on the substrate surface, adjacent to and 1n contact
with the gate insulating film. An alloy having Al atoms 1s
formed by annealing the contact electrode with laser beams.
A gate electrode covering a part of the gate msulating film 1s
formed.

According to this manufacturing method, since the contact
clectrode 1s annealed with laser beams, annealing 1s carried
out by local heating 1n a period of time shorter than in a case
where other annealing methods are employed. Thus, since a
distance of diffusion of Al atoms 1n the contact electrode into
the gate isulating film 1s suppressed, Al atoms can be pre-
vented from reaching the portion of the gate insulating film
lying between the substrate surface and the gate electrode.
Thus, reliability of electrical 1solation between the gate elec-
trode and the silicon carbide substrate 1s enhanced.

Preferably, the gate msulating film contains silicon oxide.
More preferably, the silicon oxide includes silicon dioxide.

Preferably, the contact electrode has Ti atoms. Thus, con-
tact resistance of the contact electrode to the silicon carbide
substrate can be lowered.

Preferably, the laser beam has a wavelength not longer than
386 nm. Thus, laser beams have photon energy not less than
energy corresponding to a band gap of silicon carbide of a
poly type of 4H. Therefore, since laser beams are more reli-

ably absorbed in a surface of the silicon carbide substrate,
annealing can more efliciently be carried out.

Advantageous Effects of Invention

As 1s clear from the description above, according to the
present invention, reliability of electrical 1solation between a
gate electrode and a silicon carbide substrate 1s enhanced.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 1s a cross-sectional view schematically showing a
construction of a semiconductor device in one embodiment of
the present invention.

FIG. 2 1s a flowchart showing outlines of a method of
manufacturing a semiconductor device in FIG. 1.

FIG. 3 15 a flowchart showing details of an ohmic electrode
formation step 1n FIG. 2.

FIG. 4 1s a cross-sectional view schematically showing a
first step 1n the method of manufacturing a semiconductor
device 1n FIG. 1.

FIG. 5 1s a cross-sectional view schematically showing a
second step 1n the method of manufacturing a semiconductor
device in FIG. 1.

FIG. 6 1s a cross-sectional view schematically showing a
third step in the method of manufacturing a semiconductor
device 1n FIG. 1.

FIG. 7 1s a cross-sectional view schematically showing a
fourth step in the method of manufacturing a semiconductor
device 1n FIG. 1.

FIG. 8 1s a cross-sectional view schematically showing a
fifth step 1n the method of manufacturing a semiconductor
device i FIG. 1.

FIG. 9 1s a cross-sectional view schematically showing a
sixth step 1n the method of manufacturing a semiconductor
device 1n FIG. 1.

FIG. 10 1s an optical micrograph showing a manner of
thermal diffusion of Al atoms in annealing of a T1/Al pattern
embedded 1n a silicon dioxide film.
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FIG. 11 1s an optical micrograph showing a manner of
thermal diffusion of Al atoms in annealing of an Al pattern
embedded 1n a silicon dioxide film.

DESCRIPTION OF EMBODIMENTS

An embodiment of the present invention will be described
hereinafter with reference to the drawings.

Initially, a construction of a MOSFET (Metal Oxide Semi-
conductor Field Effect Transistor) in the present embodiment
will generally be described.

Referring to FIG. 1, a MOSFET 1 has a silicon carbide
substrate SB, a gate insulating film 15, a gate electrode 17, a
source electrode 22, a passivation film 21, and a drain elec-
trode 20. Source electrode 22 has a contact electrode 16 and
a source interconnection 19. Silicon carbide substrate SB has
a substrate surface 12B. Gate msulating film 135 1s provided to
cover apart of substrate surface 12B. Gate electrode 17 covers
a part of gate msulating film 15. Contact electrode 16 1s
provided on substrate surface 12B, adjacent to and in contact
with gate insulating {ilm 15. In addition, contact electrode 16
contains an alloy having Al atoms. Al atoms do not diffuse
from contact electrode 16 into a portion of gate insulating film
15 lying between substrate surface 12B and gate electrode 17.

For example, an alloy of Al and at least any of T1, N1, and S1
can be employed as the alloy having Al atoms described
above. In addition, for example, an S10,, film, an S1ON film,
or an ONO film can be employed as gate msulating film 15.
Here, the ONO f{ilm refers to a film having a three-layered
structure of oxide film-nitride film-oxide film. S10, can be
used for this oxide film and S1,N,, can be used for this nitride
f1lm.

Details of the construction of MOSFET 1 will now be
described.

MOSFET 1 includes an n™ SiC wafer 11 being a wafer
composed of silicon carbide (S1C) and having an n conduc-
tivity type (a first conductivity type), an n~ S1C layer 12
serving as a semiconductor layer composed of S1C and having
the n conductivity type (the first conductivity type), a pair of
p bodies 13 serving as second-conductivity-type regions hav-
ing a p conductivity type (a second conductivity type), an n™
source region 14 serving as a high-concentration first-con-
ductivity-type region having the n conductivity type (the first
conductivity type), and a p* region 18 serving as a high-
concentration second-conductivity-type region having the p
conductivity type (the second conductivity). N~ S1C layer 12
having p bodies 13, n™ source regions 14, and p™ regions 18
formed therein and n™ S1C water 11 constitute silicon carbide
substrate SB composed of silicon carbide. N™ SiC wafer 11
contains an n-type impurity (an impurity having the n con-
ductivity type) such as N (nitrogen) at high concentration.

N~ SiC layer 12 is formed on one main surface 11A of n™
S1C water 11, for example, to a thickness of approximately 10
um, and 1t has the n conductivity type by containing an n-type
impurity. Examples of n-type impurities contained 1n n~ S1C
layer 12 include N (nitrogen), and an impurity 1s contained at
concentration lower than concentration of an n-type impurity
contained inn™ S1C water 11, for example, at concentration of
5%10" cm™.

A pair of p bodies 13 1s formed such that the p bodies are
separate from each other so as to mclude substrate surface
12B 1 n~ Si1C layer 12, and the pair has the p conductivity
type (the second conductivity type) by containing a p-type
impurity (an impurity having the p conductivity type). For
example, Al, B (boron), or the like 1s adopted as a p-type
impurity to be contained in p body 13, and it 1s contained at
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concentration lower than concentration of the n-type impurity
contained in n™ S1C water 11, for example, at concentration of
110" cm™.

N™ source region 14 is formed within each p body 13 so as
to 1clude substrate surface 12B and to be surrounded by p
body 13. N™ source region 14 contains an n-type impurity
such as P (phosphorus) at concentration higher than concen-
tration of the n-type impurity contained mnn~ S1C layer 12, for
example, at concentration of 1x10°° cm™.

P* region 18 1s formed to include substrate surface 12B, on
the side opposite to n™ source region 14 formed within the
other p body 13, when viewed from n* source region 14
formed within one p body 13 of the pair of p bodies 13. P™
region 18 contains a p-type impurity such as Al or B at
concentration higher than concentration of the p-type impu-
rity contained 1n p body 13, for example, at concentration of
1x10°° cm™.

MOSFET 1 further includes gate msulating film 135, gate
clectrode 17, a pair of contact electrodes 16, source intercon-
nection 19, drain electrode 20, and passivation {ilm 21.

Gate msulating film 15 1s formed on substrate surface 12B
ofn~ S1C layer 12 so as to be in contact with substrate surface
12B and to extend from an upper surface of one n™ source
region 14 to an upper surface of the other n* source region 14.
Gate msulating film 135 contains silicon oxide and the silicon
oxide includes silicon dioxide (S10,). Namely, gate insulat-
ing film 15 1s, for example, a silicon dioxide film.

Gate electrode 17 1s arranged 1n contact with gate insulat-
ing film 15 so as to extend from one n™ source region 14 to the
other n™ source region 14 over the same. In addition, gate
clectrode 17 1s made of a conductor such as polysilicon, Al, or
the like.

Contact electrode 16 1s arranged in contact with substrate
surface 12B, so as to extend from a pair of n™ source regions
14, 1n a direction away from gate sulating film 15, to p™
region 18. Then, contact electrode 16 1s composed of titantum
(T1) atoms, aluminum (Al) atoms, silicon (S1) atoms, and
carbon (C) atoms as well as a remaining ievitable impurity.
Here, the inevitable impurity includes oxygen (O) atoms
inevitably introduced during the manufacturing process.
Then, contact electrode 16 has aluminum atoms and titanium
atoms 1n a region including an interface with n~ S1C layer 12
where source region 14 and p™ region 18 are formed.

Source interconnection 19 1s formed 1n contact with con-
tact electrode 16 and it 1s made of a conductor such as Al.
Source interconnection 19 is electrically connected to n™
source region 14 through contact electrode 16. This source
interconnection 19 and contact electrode 16 constitute source
clectrode 22.

Drain electrode 20 1s formed 1n contact with the other main
surface 11B of n™ SiC watfer 11, which i1s a main surface
opposite to one main surface 11 A which 1s a main surface on
a side where n- S1C layer 12 1s formed. For example, this
drain electrode 20 may be structured similarly to contact
clectrode 16 above, or 1t may be made of another material
capable of establishing ohmic contact with n™ S1C water 11,
such as N1. Thus, drain electrode 20 1s electrically connected
to n* S1C wafer 11.

Passivation film 21 1s formed to extend from one source
interconnection 19 over gate electrode 17 to the other source
interconnection 19. This passivation film 21 1s composed, for
example, ol S10, and it has a function to electrically 1solate
source mnterconnection 19 and gate electrode 17 from outside

and to protect MOSFET 1.

An operation of MOSFET 1 will now be described. Refer-
ring to FIG. 1, 1 such a state that a voltage not higher than a
threshold value 1s applied to gate electrode 17, that 1s, 1n an
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OFF state, a portion between p body 13 located directly under
gate msulating film 135 and n~ S1C layer 12 1s reverse-biased
and 1n a non-conducting state. On the other hand, as a posi-
tively increasing voltage 1s applied to gate electrode 17, an
inversion layer 1s formed 1n a channel region 13 A, which is a
region around a portion of contact of p body 13 with gate
insulating film 15. Consequently, n™* source region 14 and n~
S1C layer 12 are electrically connected to each other and a
current tlows between source electrode 22 and drain electrode

20.

A method of manufacturing MOSFET 1 will now be
described.

Referring to FIG. 2, initially, in a step (S10), a substrate
preparation step 1s performed. In this step (510), an S1C water
of the first conductivity type 1s prepared. Specifically, refer-
ring to FIG. 4, for example, n* S1C water 11 composed of
hexagonal S1C and having the n conductivity type by contain-
ing an n-type impurity 1s prepared.

Referring next to FIG. 2, 1n a step (520), an n-type layer
formation step 1s performed. In this step (520), a semicon-
ductor layer of the first conductivity type 1s formed onn™ S1C
waler 11. Specifically, referring to FIG. 4, n~ S1C layer 12 1s
formed on one main surface 11A of n* S1C water 11 through
epitaxial growth. Epitaxial growth can be achieved, for
example, by adopting a gas mixture of S1H,, (silane) and C;Hq
(propane) as a source gas. Here, for example, N 1s introduced
as the n-type impurity. Thus, n~ S1C layer 12 containing an
n-type impurity at concentration lower than concentration of
an n-type impurity contained in n* SiC wafer 11 can be
formed.

Referring next to FI1G. 2, m a step (S830), ap body formation
step 1s performed. In this step (530), referring to FIG. 5, a
second-conductivity-type region having the second conduc-
tivity type 1s formed so as to include substrate surface 12B of
n~ S1C layer 12. Specifically, mitially, an oxide film com-
posed of S10, 1s formed on substrate surface 12B, for
example, with CVD (Chemical Vapor Deposition). Then,
after a resist 1s applied onto the oxide film, exposure and
development are performed to thereby form a resist film hav-
Ing an opening 1n a region 1n conformity with a desired shape
of p body 13 serving as the second-conductivity-type region.
Using this resist film as a mask, the oxide film 1s partially
removed, for example, through RIE (Reactive Ion Etching),
and a mask layer formed of the oxide film having an opening
pattern 1s formed onn™ S1C layer 12. Thereafter, the resist film
above 1s removed. Then, using this mask layer as a mask, 1on
implantation of a p-type impurity such as Alinn™ S1Clayer12
1s performed, to thereby form p body 13 1n n~ S1C layer 12.

Referring next to FIG. 2, i a step (S40), an n™ region
formation step 1s performed. In this step (540), a high-con-
centration first-conductivity-type region containing an impu-
rity having the first conductivity type at concentration higher
than i n~ S1C layer 12 1s formed 1n a region within p body 13
including substrate surface 12B. Specifically, referring to
FIG. 5, mitially, after the oxide film above used as the mask 1n
the step (S30) 1s removed, a mask layer having an opening in
a region in conformity with a desired shape of n™ source
region 14 1s formed 1n accordance with a procedure similar to
the step (S30). Using this mask layer as a mask, an n-type
impurity such as P 1s introduced inn™ SiC layer 12 through 1on
implantation, to thereby form n™ source region 14.

Referring next to FIG. 2, in a step (S50), a p* region
formation step 1s performed. In this step (S50), referring to
FIG. 5, a high-concentration second-conductivity-type
region (p* region 18) is formed to include substrate surface
12B on the side opposite to n™ source region 14 formed within
the other p body 13, when viewed from n™ source region 14
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formed within one p body 13 of the pair of p bodies 13.
Specifically, referring to FIG. 5, a mask layer having an
opening in a region in conformity with a desired shape of p™
region 18 1s formed 1n accordance with a procedure similar to
the steps (S30) and (S40), and using this mask layer as a mask,
a p-type impurity such as Al or B 1s introduced inn™ S1C layer
12 through 1on implantation, to thereby form p™ region 18.

Referring next to FIG. 2, i a step (560), an activation
annealing step 1s performed. In this step (560), activation
annealing which 1s heat treatment for activating an impurity
introduced through 10n implantation above 1s performed by
heating n~ S1C layer 12 1n which 10ns have been implanted to
a temperature around 1700° C., for example, 1n an Ar (argon)
atmosphere and holding the layer for approximately 30 min-
utes.

Referring next to FIG. 2, 1n a step (S70), a gate insulating,
f1lm formation step 1s performed. In this step (570), referring
to FIG. 6, n™ SiC wafer 11 on which n™ SiC layer 12 including
a desired 1on 1implantation region has been formed through the
steps (S10) to (S60) 1s subjected to thermal oxidation. Ther-
mal oxidation can be performed, for example, by heating the
substrate to a temperature around 1300° C. 1n an oxygen
atmosphere and holding the substrate for approximately 40
minutes. Thus, a thermal oxide film 15A to serve as gate
insulating film 15 (see FIG. 1) composed of silicon dioxide
(510,) (Tor example, having a thickness of approximately 50
nm) 1s formed on substrate surface 12B.

Referring next to FIG. 2, 1n a step (S80), a drain electrode
formation step 1s performed. In the step (S80), referring to
FIG. 6, a'T1 film 51 composed of T1, an Al film 52 composed
of Al, and an S1 film 53 composed of S1 are formed 1n this
order on main surface 11B of n™ SiC wafer 11. Then, the step
of alloying this stack film 1s performed. Specifically, heat

treatment 1s performed, 1n which heating to a temperature not
lower than 550° C. and not higher than 1200° C., preferably

not lower than 900° C. and not higher than 1100° C., for
example 1000° C., 1n an atmosphere of an 1nert gas such as Ar
1s carried out and holding for a time period not longer than 10
minutes, for example 2 minutes, 1s carried out. Thus, T1, Al
and S1 contained 1in 11 film 51, Al film 52 and Si1 film 53
respectively as well as Si and C contained in n™ SiC wafer 11
are alloyed. Consequently, as shownin FIG. 7, drain electrode
20 15 formed.

Referring nextto FIG. 2, in a step (S90), an ohmic electrode
formation step 1s performed. In the step (590), referring to
FIG. 3, imtially, 1n steps (S91) to (S93), a T1 film formation
step, an Al film formation step and an Si film formation step
are performed 1n this order.

Specifically, referring to FIG. 7, mmtially, after a resist 1s
applied onto thermal oxide film 15A, exposure and develop-
ment are performed to thereby form a resist film 91 having an
opening 91A 1n conformity with a region where contact elec-
trode 16 (see FIG. 1) 1s to be formed. Then, using resist film
91 as a mask, gate msulating film 15 covering a part of
substrate surface 12B 1s formed as a result of partial removal
of thermal oxide film 15 A, for example, through RIE. There-
after, T1 film 31 composed of 'T1, Al film 52 composed of Al,
and S1 film 53 composed of S1 are formed in this order on
substrate surface 12B, for example, through sputtering. In

addition, as a result of removal of resist film 91, T1 film 51, Al
film 52 and Si film 53 on resist film 91 are removed (lifted

oil), so that Ti film 51, Al film 52 and S1 {ilm 53 remain on
substrate surface 12B exposed through gate insulating film 15
as shown 1n FIG. 8. Thus, a contact electrode 16 to subse-
quently serve as contact electrode 16 (FIG. 1) 1s formed on
substrate surface 12B, adjacent to and in contact with gate
insulating film 15.
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Here, 1n the step (591), T1 film 51 having a thickness not
smaller than 100 A and not greater than 400 A is preferably
tformed. Thus, an chmic contact electrode having low resis-
tance 1n a stable manner can be formed. In addition, 1n the step
(592), Al 1ilm 52 at least 1.5 times and at most 6 times as thick
as T1 film 51 formed 1n the step (S91) 1s preferably formed.
Thus, contact electrode 16 further reliably achieving low
contact resistance with n™ source region 14 and p body 13 can
be fabricated. Moreover, 1n the step (893), S1 film 53 having
a thickness not smaller than 100 A and not greater than 500 A
1s preferably formed. Thus, an ohmic contact electrode hav-
ing low resistance 1n a stable manner can be formed.

Referring next to FIG. 3, in a step (S94), an alloying step 1s
performed. Specifically, referring to FIGS. 8 and 9, contact
clectrode 16m 1s annealed with laser beams 1n an atmosphere
of such an 1nert gas as Ar. Thus, 11, Al and Si1 contained 1n Ti
f1lm 51, Al film 52 and Sifilm 53 respectively as well as S1and
C contained 1n n~ S1C layer 12 are alloyed. Consequently, as
shown in FI1G. 9, contact electrode 16 arranged 1n contact with
substrate surface 12B, extending from the pair of n™ source
regions 14 1n a direction away from gate insulating film 13 to
p* region 18, is formed.

Here, since annealing with laser beams 1s carried out by
local heating for an extremely short period of time, a distance
of diffusion of atoms during annealing 1s small. Therefore, Al
atoms do not diffuse from contact electrode 16m 1nto a por-
tion of gate insulating film 15 which will subsequently lie
between substrate surface 12B and gate electrode 17 (FIG. 1).

Here, inthe step (894), n* S1C water 11 1s preferably heated
1in a gas mixture of an inert gas, i particular, Arand/or N,, and
hydrogen. Thus, contact electrode 16, with 1ts contact resis-
tance with n* source region 14 and p body 13 (p™ region 18)
being turther reliably lowered and manufacturing cost being
suppressed, can be fabricated. The step (590) 1s completed 1n
the procedure above.

Referring next to FIG. 2, 1n a step (5100), a gate electrode
formation step 1s performed. In this step (5100), referring
again to FIG. 1, gate electrode 17 covering a part of gate
insulating film 15 1s formed. An end portion of gate electrode
17 1s arranged at a distance from an end portion of gate
insulating film 15. Specifically, gate electrode 17 composed
ol a conductor such as polysilicon or Al 1s formed directly on
gate msulating film 15 so as to extend from one n™ source
region 14 to the other n™ source region 14 over the same. In an

example where polysilicon 1s adopted as a material for a gate

clectrode, polysilicon can contain P at high concentration
exceeding 1x10°° cm™.

Referring next to FIG. 2, 1n a step (S110), a source inter-
connection formation step 1s performed. In this step (5110),
source interconnection 19 (see FIG. 1) composed of a con-
ductor such as Al 1s formed on the upper surface of contact
clectrode 16, for example, with a vapor deposition method.
Source electrode 22 (see FIG. 1) 1s completed 1n the step
(S90) described above and this step (S110).

Referring next to FIG. 2, in a step (S120), a passivation film
formation step 1s performed. In this step (5120), referring to
FIG. 1, this passivation film 21 composed, for example, of
S10,, 15 formed to extend from one source interconnection 19
over gate electrode 17 to the other source interconnection 19.

This passivation film 21 can be formed, for example, with a
CVD method. MOSFET 1 (see FIG. 1) 1s completed through

the steps (S10) to (5120) above.

According to MOSFET 1 1n the present embodiment, Al
atoms do not diffuse from contact electrode 16 nto the por-
tion of gate insulating film 15 lying between substrate surface
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12B and gate electrode 17. Therefore, reliability of electrical
1solation between gate electrode 17 and silicon carbide sub-
strate SB 1s enhanced.

In addition, according to the method of manufacturing
MOSFET 1 1n the present embodiment, since contact elec-
trode 16m 1s annealed with laser beams, annealing 1s carried
out by local heating 1n a period of time shorter than in a case
where other annealing methods are employed. Thus, since a
distance of diffusion of Al atoms 1n contact electrode 16 into
gate msulating {ilm 135 1s suppressed, Al atoms can be pre-
vented from reaching the portion of gate insulating film 135
lying between the substrate surface and gate electrode 17.
Thus, reliability of electrical 1solation between gate electrode
17 and silicon carbide substrate SB 1s enhanced.

Preferably, the laser beams have a wavelength not longer
than 386 nm. For example, a laser beam which 1s a third
harmonic of YAG laser 1s employed. Thus, laser beams have
photon energy not less than energy corresponding to a band
gap of silicon carbide of a poly type of 4H. Therefore, since
laser beams are more reliably absorbed 1n a surface of silicon
carbide substrate SB, annealing can more efficiently be car-
ried out.

Laser beams have a pulse width not greater than 10 us and
more preferably not greater than 100 ns. Thus, annealing can
be carried out 1n a further shorter period of time. Therefore,
diffusion of Al atoms can further reliably be suppressed.

Energy density of laser beams per one pulse 1s preferably
not less than 0.3 J/cm* and not more than 1.5 J/cm* and more
preferably not less than 0.5 J/cm”® and not more than 1.3
J/cm?. Thus, alloying by annealing can sufficiently proceed
and diffusion of Al atoms can be suppressed.

In the description above, a region of gate insulating film 15
into which Al atoms do not diffuse refers to a region into
which Al atoms do not substantially diffuse. In other words, 1t
refers to a region of gate msulating film 15 into which Al
atoms do not substantially diffuse from contact electrode 16.
A boundary between the region mto which Al atoms do not
substantially diffuse and a region into which Al atoms sub-
stantially diffuse can be delimited, for example, through
observation using an optical microscope. This observation
example using a test pattern will be described below.

In a first example (FI1G. 10), a manner of thermal diffusion
of Al atoms during annealing of a T1/ Al pattern 101 embedded
in a silicon dioxide film was observed with an optical micro-
scope. The silicon dioxide film and Ti/Al pattern 101 corre-
spond to gate insulating film 15 and contact electrode 16
described above, respectively. According to this observation,
the silicon dioxide film could be divided 1nto a first region DF
and a second region ND based on a noticeable difference 1n
lightness. Al concentration 1n each of first region DF and the
second region was measured with a composition analysis
method. Then, 1t was found that first region DF had a high Al
concentration value, second region ND was noticeably lower
in Al concentration value than first region DF, and Al atoms
did not substantially diffuse into second region ND. It 1s noted
that energy dispersive X-ray diffraction, Auger electron spec-
troscopy, and secondary 1on mass spectrometry were used as
a composition analysis method.

In a second example (FIG. 11), a manner of thermal diffu-
sion ol Al atoms during annealing of an Al pattern 102 embed-
ded 1n a silicon dioxide film was observed with an optical
microscope. The silicon dioxide film and Al pattern 102 cor-
respond to gate insulating film 15 and contact electrode 16
described above, respectively. According to this observation
as well, the silicon dioxide film could be divided into first
region DF and second region ND based on a noticeable dit-
ference 1n lightness.
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When the first and second examples are compared with
cach other, 1n the first example, first region DF extended to a
lesser extent. Thus, 1t was found that a distance of diffusion of
Al atoms 1nto the silicon dioxide film was smaller from T1/Al
pattern 101 than from Al pattern 102. Therefore, 1t was found
that, by using T1/Al as a material for contact electrode 16, a
distance of diffusion of Al atoms from contact electrode 16
into gate insulating film 13 could be suppressed as compared
with a case of using Al.

It should be understood that the embodiments and the
examples disclosed herein are 1llustrative and non-restrictive
in every respect. The scope of the present invention 1s defined
by the terms of the claims, rather than the description above,
and 1s intended to include any modifications within the scope
and meaning equivalent to the terms of the claims.

REFERENCE SIGNS LIST

11 n™ S1C wafer; 12 n~ SiC layer; 12B substrate surface; 13
p body; 13A channel region; 14 n™ source region; 15 gate
insulating film; 15 A thermal oxide film; 16,16 contact elec-
trode; 17 gate electrode; 18 p™ region; 19 source interconnec-
tion; 20 drain electrode; 21 passivation film; 22 source elec-
trode; 51 Ti film; 52 Al film; and 53 Si film.
The invention claimed 1s:
1. A method of manufacturing a semiconductor device,
comprising the steps of:
preparing a silicon carbide substrate having a substrate
surface;
forming a gate insulating film to cover a part of said sub-
strate surface,
said step of forming a gate insulating film including the
steps of

5

10

15

20

25

30

10

forming an msulating film having a portion to serve as
said gate msulating film,
forming a resist {ilm having an opening on said insulat-
ing f1lm, and
partially removing said insulating film to form said gate
insulating film, by using said resist {ilm as a mask;
forming a contact electrode having Al atoms on said sub-
strate surface, adjacent to and 1n contact with said gate
insulating film,
said step of forming a contact electrode including the steps
of
forming a T1 film on said silicon substrate provided with
said gate msulating film,
forming an Al film on said Ti film, and
forming an S1 film on said Al film;
forming an alloy having Al atoms by annealing said contact
clectrode with laser beams, wherein the energy density
of the laser beams per one pulse is not less than 0.3 J/cm”
and not more than 1.5 J/cm*; and
forming a gate electrode covering a part of said gate insu-
lating film.
2. The method of manufacturing a semiconductor device
according to claim 1, wherein
said gate msulating film contains silicon oxide.
3. The method of manufacturing a semiconductor device
according to claim 2, wherein
said silicon oxide includes silicon dioxide.
4. The method of manufacturing a semiconductor device
according to claim 1, wherein
said laser beam has a wavelength not longer than 386 nm.
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